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The spread of breast cancer cells to bone and survival in this new metastatic environment is inﬂuenced
not only by the genetic signature of the cells, but also multiple host cells and soluble factors produced
locally (paracrine) or from distant sites (endocrine). Disrupting this metastatic process has been eval-
uated in clinical trials of the bone targeted agents bisphosphonates and denosumab and have shown that
these agents reduce the recurrence of breast cancer in postmenopausal women only, suggesting the
efﬁcacy of the drugs are inﬂuenced by levels of reproductive endocrine hormones. The molecular me-
chanism driving this differential effect has not been deﬁnitively identiﬁed, however, there is evidence
that both reproductive hormones and bisphosphonates can affect similar paracrine factors and cellular
components of the bone metastatic niche. This review focuses on how the ovarian endocrine hormone,
inhibin, interacts with the paracrine factors activin and follistatin, abundant in the primary tumour and
bone microenvironment, with subsequent effects on tumour cell survival. Inhibin also affects the cellular
components of the bone microenvironment primarily the osteoblastic niche. Recent evidence has shown
that bisphosphonates also alter this niche, which may represent a common mechanism by which inhibin
and bisphosphonates interact to inﬂuence disease outcomes in early breast cancer. Further research is
needed to fully elucidate these molecular mechanisms to enable understanding and future development
of alternative bone targeted treatments with anti-tumour efﬁcacy in premenopausal women.
& 2016 The Author. Published by Elsevier GmbH. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).1. Introduction
Breast cancer commonly spreads to bone in a process involving
migration of tumour cells through the stroma followed by in-
travasation, homing to and extravasation at distant sites such as
bone, and ultimately survival in this new metastatic environment.
The survival of tumour cells during this process is inﬂuenced by
their genetic signature and a plethora of host cells and soluble fac-
tors [1]. Disrupting the process of metastatic spread from primary
breast tumour to bone was evaluated using the osteoclast inhibitors,
bisphosphonates, in (neo)adjuvant clinical trials, with the hypothesis
that preventing osteolysis, and release of tumour promoting growth
factors from bone, may inhibit tumour cell survival. Bisphosphonates
were found to improve survival only in women who were naturally
or chemically postmenopausal when treatment was started [2]. The
molecular mechanism for this differential effect of bisphosphonates
according to menopausal status is currently unknown, but there is
evidence that female hormones, such as inhibin, can interact with
paracrine factors known to affect tumour cell growth in both the
breast primary tumour and the bone microenvironment.GmbH. This is an open access artic1.1. Menopause is associated with change in ovarian hormones af-
fecting bone
Menopause is characterised by a decrease in ovarian oestradiol
and inhibins with an increase in pituitary follicle stimulating
hormone (FSH). The decline in inhibins drives the increase in bone
turnover that occurs in early menopause and although inhibins are
not abundantly expressed in bone, radiolabelled inhibin A ad-
ministered intravenously in vivo accumulates rapidly in the bone
marrow indicating that it can distribute to bone (reviewed in
Wilson et al.) [3]. In a cross sectional study of women aged 21–85
(n¼188), endocrine hormones were correlated to changes in ser-
um markers of bone formation; bone speciﬁc alkaline phosphatase
(BSAP), and bone resorption; carboxyterminal telopeptide of type I
collagen (CTX). Inhibin A was shown to be the most accurate
predictor of changes in bone formation and resorption being ne-
gatively correlated with levels of BSAP and CTX [4], thus declining
inhibins in early menopause will lead to increased bone turnover.
The primary role of inhibins is to inhibit the secretion of FSH from
the anterior pituitary and thus the role of inhibins must be con-
sidered in the context of associated changes in FSH. In the cross
sectional study FSH correlated with bone resorption markers (CTX)
but not bone formation markers (BSAP) in perimenopausalle under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
Fig. 1. The endocrine changes in bone as a result of menopause. The menopause
induces changes in both endocrine and paracrine factors in the bone micro-
environment. Ovarian failure increases bone turnover due to a decline in ovarian
inhibins and oestradiol. As a result of increased bone turnover osteoclastic bone
resorption releases soluble factors that are stored in bone, i.e. activin and TGFβ.
These paracrine soluble factors can inﬂuence tumour cells in the bone micro-
environment (BMEV).
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pre- or postmenopausal women [4]. In vitro, FSH increases os-
teoclast differentiation [5], and in vivo treatment of ovariectomised
14-week old mice with an antibody to β-subumit of FSH, blocking
its biological activity, prevents OVX-induced bone loss after
4 weeks of treatment. Dynamic histomorphometry showed in-
hibiting FSH increases all bone formation parameters and inhibits
bone resorption parameters [6]. In contrast, a prospective study of
changes in bone turnover in postmenopausal women (n¼46) with
inhibition of FSH, using GnRH agonists, showed a signiﬁcant in-
crease in CTX and TRAP5b (serum markers of bone resorption)
with suppression of FSH, in addition to a signiﬁcant increase in
P1NP (a marker of bone formation) [7]. These data suggest FSH
does not directly regulate bone resorption in postmenopausal
women, however lowering FSH levels may affect bone formation
either directly by affecting number or activity of the bone forming
cells; osteoblasts (Ob), or indirectly due to the coupling effect of
bone turnover following an increase in bone resorption.
1.2. Molecular interactions of endocrine and paracrine factors; im-
plications for tumour growth
Inhibins do not have an identiﬁed intracellular downstream
signaling pathway but bring about their effector functions by in-
hibiting ligand: receptor interaction of the soluble paracrine fac-
tors activin and TGFβ, abundant in both the primary tumour and
bone microenvironment [8]. Activin and TGFβ each bind to their
respective type II receptors, but both recruit the same type I re-
ceptor resulting in phosphorylation of the receptor associated
Smads 2/3 [9]. Activin is a tumour suppressor that is bound to a
single chain glycosylated peptide, follistatin, fromwhich it must be
cleaved to allow receptor ligand interaction. Thus, female hor-
mones such as inhibin may affect cancer cell survival through
modiﬁcation of tumour paracrine factors (reviewed in Wilson et al.
[3]). Three key in vivo studies [10–12] have investigated the effect
of blocking the activin type IIA receptor (ActRIIA) on bone, either
with inhibin A or a soluble extracellular domain of ActRIIA fused to
a murine IgG2a-Fc. These studies have collectively demonstrated
that blocking this receptor increases bone density in mouse
models by increasing the activity and number of Ob. The sub-
sequent effect on tumour cell survival and growth in bone remains
to be established, but the bone microenvironment will differ ac-
cording to menopausal status not only at a cellular level but also in
terms of the soluble factors present. Activin is stored in the bone
matrix and produced locally in the bone marrow during osteoclast
mediated bone breakdown [13]. Bone activin levels would there-
fore be expected to be low in quiescent premenopausal bone due
to high inhibin levels and low bone turnover, with the converse
true in postmenopausal bone (Fig. 1).
1.3. Endocrine:paracrine inﬂuence in the breast primary tumour and
interaction with bisphosphonates
Activin is secreted by breast cancer cell lines in vitro and in-
hibits proliferation [14]. In clinical breast cancer samples loss of
expression of the activin type II receptor is associated with in-
creasing tumour grade [15], conﬁrming the tumour suppressive
activity of activin in breast cancers. Breast tumour cells can impair
activin signaling with evidence that follistatin, secreted by tumour
cells, promotes tumour growth [16] and inhibin A promotes sto-
mal invasion and metastasis [17].
Hormone interaction with bisphosphonates; the bisphosphonate
zoledronic acid (ZA) has been shown to increase activin's biolo-
gical activity in breast cancer cells in vitro and in vivo, enhancing
its tumour suppressive effects [18]. Moreover, postmenopausal
breast cancer patients receiving ZAþneo-adjuvant chemotherapy(CT) show a signiﬁcant fall in serum follistatin levels compared to
CT alone, thus increasing activin's bioavailability in these patients
(an effect not seen in premenopausal patients) [19]. A meta-ana-
lysis of four clinical trials evaluating the addition of ZA to neo-
adjuvant CT (n¼553) found that postmenopausal women have
improved pathological complete response rates (pCR) in primary
breast tumours when treated with ZA plus CT vs CT alone (13.6% vs
7.8%, respectively) [20] indicating that low levels of endocrine
hormones enhance the response of primary tumours to
bisphosphonates.
1.4. Endocrine:paracrine inﬂuence on the homing of tumour cells to
bone and interaction with bisphosphonates
Disseminated tumour cells are detectable in the bone marrow
of a third of patients with early breast cancer without any clinical
manifestations of bone metastasis [21]. A meta-analysis of over
4000 bone marrow aspirates from breast cancer patients without
bone metastases found that premenopausal patients had a sig-
niﬁcantly higher prevalence of bone marrow disseminated tumour
cells (DTCs) than postmenopausal women (32.7% vs 29.5%) [21],
suggesting premenopausal bone (with low activin levels due to
ovarian inhibin) may attract tumour cells. This is in contrast to
in vivo data showing that lowering activin levels with a soluble
activin receptor type IIA fusion protein prevents the formation of
bone metastases from MDA-MB-231 cells [10], thus the role of
activin and inhibin in modifying the bone microenvironment and
survival of tumour cells needs deﬁning, and may differ in the
preclinical and clinical settings.
Hormone interaction with bisphosphonates; Clinical trials have
shown that bisphosphonates decrease the number of bone mar-
row DTCs in marrow aspirates from breast cancer patients [22–25].
Since DTCs have not developed autonomous growth, it is likely
that this effect is mediated through bisphosphonate-induced
changes in the bone microenvironment, rather than a direct anti-
tumour effect. The inﬂuence of hormones on the ability of bi-
sphosphonates to eliminate DTCs was not possible to assess in
these clinical trials since they were not large enough to show a
differential effect of bisphosphonates according to menopausal
status.
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interaction with bisphosphonates
50% of patients with detectable DTCs will relapse during 10
years post diagnosis [21], however some patients will never de-
velop bone metastases thus survival of tumour cells in the bone
depends on a conducive bone microenvironment. A study of in-
cidence of bone metastases in 47064 breast cancer patients
showed that younger patients were more likely to develop bone
metastases and in multivariate analysis the hazard ratio of de-
veloping bone metastases was highest in women who were aged
under 40 years at diagnosis (HR 0.47 95%CI 0.38–0.57) [26], sug-
gesting premenopausal bone may provide a more favorable en-
vironment for tumour cell survival and growth into clinically overt
bone metastases. Standard chemotherapy agents directly target
proliferating tumour cells, however, there is increasing evidence
that the bone microenvironment may be a potential sanctuary for
DTCs that are dormant and resistant to conventional systemic anti-
cancer therapies [27]. It is possible that DTCs may localise to the
haematopoetic stem cell (HSC) niche in bone and use the same
stromal adhesion and environmental signals to enable them to
survive. It has been shown that tumour cell lines with bone
homing properties express the receptor for annexin II that Ob use
to adhere to HSCs and knockdown of this receptor in prostate cells
prevented bone metastasis after intacardiac injection [28].
Hormone interaction with bisphosphonates; Disrupting the in-
teractions between DTCs and the bone stromal cells was evaluated
in phase III randomised clinical trials of adjuvant bisphosphonates,
and a large meta-analysis of these adjuvant bisphosphonate trials
involving 418,000 patients showed bisphosphonates prevented
breast cancer recurrence in bone (RR 0.72, 0.60–0.86; 2p¼0.0002),
at other distant sites (RR 0.82, 0.74–0.92; 2p¼0.0003) and im-
proved breast cancer mortality (RR 0.82, 0.73–0.93; 2p¼0.002) in
women who were postmenopausal when treatment started [2].
Recent data from the ABCSG-18 trial has shown that adjuvant
treatment with the RANK ligand inhibitor denosumab, which
prevents osteoclast activation, reduces the risk of disease recur-
rence in postmenopausal patients with early stage hormone re-
ceptor positive breast cancer [29], suggesting that osteoclast in-
hibition by an alternative molecular mechanism to bispho-
sphonates also improves outcomes in patients with low levels of
female hormones.2. Discussion and outstanding questions
Reproductive endocrine hormones such as inhibin affect breast
cancer cell survival in the primary tumour and affect tumour
homing and survival in the bone microenvironment. The mole-
cular mechanism driving this effect of hormones in bone is likely
to be multifactorial by modiﬁcation of both paracrine factors and
the cellular components of the bone metastatic niche. If the Ob
niche is key to the maintenance of dormancy and survival of tu-
mour cells then factors that affect the size of this niche can po-
tentially determine outcomes for breast cancer cells in this en-
vironment. There is evidence from in vivo models that expanding
the Ob niche with the use of parathyroid hormone, increased the
number of DTCs in bone from sub-cutaneous prostate tumours
[30]. Zoledronic acid has also been shown to have effects on the Ob
niche and a recent in vivo study evaluating the effects of a single
dose of zoledronic acid (100 μg/kg) showed that the drug sig-
niﬁcantly reduced Ob number which inﬂuenced where in-
tracardiac injected MDA-MB-231 breast cancer cells home to, with
a preference demonstrated for Ob rich areas [31]. Both inhibin and
bisphosphonates differentially affect paracrine factors and cellular
components of the bone metastatic niche, in particular the Obniche, with potentially differential effects on the survival of DTCs
in bone. The speciﬁc molecular mechanisms driving this need
further elucidation to allow understanding and development of
alternative bone targeted treatments that are mechanistically
different to the osteoclast inhibitors and have anti-tumour efﬁcacy
in premenopausal women.
2.1. Outstanding questions Which female hormone(s) affect the direct anti-tumour efﬁcacy
of bisphosphonates in primary tumours and the indirect anti-
tumour efﬁcacy of bisphosphonates in bone, in particular what
are the roles of activin and inhibin?
 What are the cellular/molecular drivers of tumour growth in the
pre- and postmenopausal bone microenvironments?
 Is the differential effect of menopause on the anti-tumour efﬁ-
cacy of osteoclast inhibitors speciﬁc to breast cancer patients
only or does this apply to other tumours such as lung cancer?References
[1] I. Holen, Pathophysiology of Bone Metastases, 2nd ed., Bioscientiﬁca, Bristol
UK, 2012.
[2] Adjuvant bisphosphonate treatment in early breast cancer: meta-analyses of
individual patient data from randomised trials. Lancet, 2015.
[3] C. Wilson, I. Holen, R.E. Coleman, Seed, soil and secreted hormones: potential
interactions of breast cancer cells with their endocrine/paracrine micro-
environment and implications for treatment with bisphosphonates., Cancer
Treat. Rev. 38 (2012) 877–889.
[4] D.S. Perrien, S.J. Achenbach, S.E. Bledsoe, et al., Bone turnover across the
menopause transition: correlations with inhibins and follicle-stimulating
hormone, J. Clin. Endocrinol. Metab. 91 (2006) 1848–1854.
[5] L.L. Zhu, I. Tourkova, T. Yuen, et al., Blocking FSH action attenuates osteo-
clastogenesis, Biochem. Biophys. Res. Commun. 422 (2012) 54–58.
[6] L.L. Zhu, H. Blair, J. Cao, et al., Blocking antibody to the beta-subunit of FSH
prevents bone loss by inhibiting bone resorption and stimulating bone
synthesis, Proc. Natl. Acad. Sci. USA 109 (2012) 14574–14579.
[7] M.T. Drake, L.K. McCready, K.A. Hoey, E.J. Atkinson, S. Khosla, Effects of sup-
pression of follicle-stimulating hormone secretion on bone resorption markers
in postmenopausal women, J. Clin. Endocrinol. Metab. 95 (2010) 5063–5068.
[8] B. Bierie, H.L. Moses, Transforming growth factor beta (TGF-beta) and in-
ﬂammation in cancer, Cytokine Growth Factor Rev. 21 (2010) 49–59.
[9] T. Liu, X.H. Feng, Regulation of TGF-beta signalling by protein phosphatases,
Biochem. J. 430 (2010) 191–198.
[10] A.D. Chantry, D. Heath, A.W. Mulivor, et al., Inhibiting activin – a signaling
stimulates bone formation and prevents cancer-induced bone destruction
in vivo, J. Bone Miner. Res. 25 (2010) 2633–2646.
[11] R.S. Pearsall, E. Canalis, M. Cornwall-Brady, et al., A soluble activin type IIA
Receptor Induces Bone Formation and Improves Skeletal Integrity, Proc. Natl.
Acad. Sci. USA 105 (2008) 7082–7087.
[12] D.S. Perrien, N.S. Akel, P.K. Edwards, et al., Inhibin A is an endocrine stimulator
of bone mass and strength, Endocrinology 148 (2007) 1654–1665.
[13] Y. Ogawa, D.K. Schmidt, R.M. Nathan, et al., Bovine bone activin enhances bone
morphogenetic protein-induced ectopic bone formation, J. Biol. Chem. 267
(1992) 14233–14237.
[14] E. Kalkhoven, B.A. Roelen, J.P. de Winter, et al., Resistance to transforming
growth factor beta and activin due to reduced receptor expression in human
breast tumor cell lines, Cell Growth Differ. 6 (1995) 1151–1161.
[15] J.S. Jeruss, C.D. Sturgis, A.W. Rademaker, T.K. Woodruff, Down-regulation of
activin, activin receptors, and Smads in high-grade breast cancer, Cancer Res.
63 (2003) 3783–3790.
[16] D. Razanajaona, S. Joguet, A.S. Ay, et al., Silencing of FLRG, an antagonist of
activin, inhibits human breast tumor cell growth, Cancer Res. 67 (2007)
7223–7229.
[17] H. Kim, J. Watkinson, V. Varadan, D. Anastassiou, Multi-cancer computational
analysis reveals invasion-associated variant of desmoplastic reaction involving
INHBA, THBS2 and COL11A1, BMC Med. Genom. 3 (2010) 51.
[18] C. Wilson, P. Ottewell, R.E. Coleman, I. Holen, The differential anti-tumour
effects of zoledronic acid in breast cancer – evidence for a role of the activin
signaling pathway, BMC Cancer 15 (2015) 55.
[19] M.C. Winter, C. Wilson, S.P. Syddall, et al., Neoadjuvant chemotherapy with or
without zoledronic acid in early breast cancer – a randomized biomarker pilot
study, Clin. Cancer Res. 19 (2013) 2755–2765.
[20] J.R. Kroep, A. Charehbili, R.E. Coleman, et al., Effects of neoadjuvant che-
motherapy with or without zoledronic acid on pathological response: a meta-
analysis of randomised trials, Eur. J. Cancer 54 (2016) 57–63.
[21] S. Braun, F.D. Vogl, B. Naume, et al., A pooled analysis of bone marrow
C. Wilson / Journal of Bone Oncology 5 (2016) 139–142142micrometastasis in breast cancer, N. Engl. J. Med. 353 (2005) 793–802.
[22] M. Banys, E.F. Solomayer, G. Gebauer, et al., Inﬂuence of zoledronic acid on
disseminated tumor cells in bone marrow and survival: results of a pro-
spective clinical trial, BMC Cancer 13 (2013) 480.
[23] R. Aft, M. Naughton, K. Trinkaus, et al., Effect of zoledronic acid on dis-
seminated tumour cells in women with locally advanced breast cancer: an
open label, randomised, phase 2 trial, Lancet Oncol. 11 (2010) 421–428.
[24] B. Rack, J. Juckstock, E.M. Genss, et al., Effect of zoledronate on persisting
isolated tumour cells in patients with early breast cancer, Anticancer Res. 30
(2010) 1807–1813.
[25] O. Hoffmann, B. Aktas, C. Goldnau, et al., Effect of ibandronate on disseminated
tumor cells in the bone marrow of patients with primary breast cancer: a pilot
study, Anticancer Res. 31 (2011) 3623–3628.
[26] M. Harries, A. Taylor, L. Holmberg, et al., Incidence of bone metastases and
survival after a diagnosis of bone metastases in breast cancer patients, Cancer
Epidemiol. 38 (2014) 427–434.[27] M. Balic, H. Lin, L. Young, et al., Most early disseminated cancer cells detected
in bone marrow of breast cancer patients have a putative breast cancer stem
cell phenotype, Clin. Cancer Res. 12 (2006) 5615–5621.
[28] Y. Shiozawa, A.M. Havens, Y. Jung, et al., Annexin II/annexin II receptor axis
regulates adhesion, migration, homing, and growth of prostate cancer, J. Cell
Biochem 105 (2008) 370–380.
[29] M. Gnant, G. Pfeiler, P.C. Dubsky et al. The impact of adjuvant denosumab on
disease-free survival: results from 3425 postmenopausal patients of the
ABCSG-18 tria, in: San Antonio Breast Cancer Symposium, San Antonio, Texas,
2015.
[30] Y. Shiozawa, E.A. Pedersen, A.M. Havens, et al., Human prostate cancer me-
tastases target the hematopoietic stem cell niche to establish footholds in
mouse bone marrow, J. Clin. Investig. 121 (2011) 1298–1312.
[31] M.T. Haider, I. Holen, T.N. Dear, K. Hunter, H.K. Brown, Modifying the osteo-
blastic niche with zoledronic acid in vivo-potential implications for breast
cancer bone metastasis, Bone 66 (2014) 240–250.
